The ependyma of the spinal cord harbours stem cells which are activated by traumatic spinal cord injury. Progenitor-like cells in the central canal (CC) are organized in spatial domains. The cells lining the lateral aspects combine characteristics of ependymocytes and radial glia (RG) whereas in the dorsal and ventral poles, CCcontacting cells have the morphological phenotype of RG and display complex electrophysiological phenotypes. The signals that may affect these progenitors are little understood. Because ATP is massively released after spinal cord injury, we hypothesized that purinergic signalling plays a part in this spinal stem cell niche. We combined immunohistochemistry, in vitro patch-clamp whole-cell recordings and Ca 2+ imaging to explore the effects of purinergic agonists on ependymal progenitor-like cells in the neonatal (P1-P6) rat spinal cord. Prolonged focal application of a high concentration of ATP (1 mM) induced a slow inward current. Equimolar concentrations of BzATP generated larger currents that reversed close to 0 mV, had a linear current-voltage relationship and were blocked by Brilliant Blue G, suggesting the presence of functional P2X7 receptors. Immunohistochemistry showed that P2X7 receptors were expressed around the CC and the processes of RG. BzATP also generated Ca 2+ waves in RG that were triggered by Ca 2+ influx and propagated via Ca 2+ release from internal stores through activation of ryanodine receptors. We speculate that the intracellular Ca 2+ signalling triggered by P2X7 receptor activation may be an epigenetic mechanism to modulate the behaviour of progenitors in response to ATP released after injury.
Introduction
The central canal (CC) of the mammalian spinal cord is believed to be a Blatent neural stem cell niche^ [1] . Within this niche, different kinds of progenitor-like cells are organized in functional domains [2] . The cells on the lateral domains combine morphological and molecular traits of ependymocytes and radial glia (RG) and are electrically coupled via connexin 43 (Cx43). The cells lining the ventral and dorsal poles express neural stem cell markers and have RG morphology with slender processes that extend from the CC lumen to the pia [2] [3] [4] . These cells appear uncoupled and display complex electrophysiological phenotypes [2] . In addition, other CC-contacting cells display molecular and functional features similar to immature neurons in adult neurogenic niches [5] . In response to spinal cord injury (SCI), some ependymal cells proliferate and migrate to the lesion site where they differentiate mostly into scarforming astrocytes and a few myelinating oligodendrocytes [3, 6] . This reaction is required to restrict secondary enlargement of the lesion and further axonal loss [7] . However, the signals that may regulate the biology of CC-contacting progenitors in the normal and injured spinal cord remain poorly understood.
ATP signalling plays a key role both in the normal and pathological brain. During development, ATP acting on purinergic receptors regulates processes such as progenitor cell proliferation, migration, differentiation and synapse formation [8, 9] . On the other hand, a variety of CNS insults lead to massive release of ATP from different sources [10] . It has been proposed that ATP may act as a diffusible Bdanger signal^to alert about damage and to start repair [11] [12] [13] . Following spinal cord injury (SCI), ATP levels increase around the lesion epicentre [14] activating the ionotropic receptor P2X7 which contributes to the extension of the damage [15] .
To test the possibility that ATP signals on CC-contacting cells, we combined patch-clamp recordings and Ca 2+ imaging with immunohistochemistry and transmission electron microscopy (TEM). We found that ependymal cells in both the medial and lateral domains have functional ionotropic P2X7 receptors. Their activation generates a slow inward current and a Ca 2+ wave propagated from the site of ATP application. It is tempting to speculate that P2X7 receptor activation may be a key component of the response of the ependymal stem cell niche to spinal cord injury.
Materials and methods

General
Neonatal rats (Sprague Dawley, P1-P6) of either sex were used in accordance with the ethical guidelines established by our local Committee for Animal Care and Research at the Instituto de Investigaciones Biológicas Clemente Estable. Every precaution was taken to minimize animal stress and the number of animals used.
Slice preparation and electrophysiology
Rats anesthetized with isoflurane (Forane, Abbott England) were decapitated, and the cervical enlargement was dissected out in chilled Ringer's solution of the following composition (in mM): NaCl, 101; KCl, 3. Devices) . Voltage steps were generated with pClamp10 (Molecular Devices) which was also used for further analysis. Seal resistances were between 4 and 18 GΩ. Series resistance and whole-cell capacitance were not compensated. In voltageclamp mode, cells were held at −70 mV and the resting membrane potential was estimated from the current-voltage relationship (at I = 0). Liquid junction potentials were determined and corrected off-line [16] . Values are expressed as the mean ± the standard error of the mean (S.E.M.). Statistical significance was evaluated using the Mann-Whitney U test.
Drugs ATP (0.5-1 mM, Sigma-Aldrich), 3′-O-(4-benzoyl) benzoyl-ATP (BzATP, 0.5-1 mM, Tocris) and 2-methylthioadenosine diphosphate trisodium salt (2MesADP, 1 mM, Tocris) diluted in normal Ringer's solution were pressure ejected using a Picospritzer III (Parker Instrumentation) controlled by Clampex10. No responses were observed during puffs of normal Ringer alone (data not shown). Brilliant Blue G (BBG, 10 μM, Sigma-Aldrich) and dantrolene (40 μM, Tocris, diluted in dimethyl sulphoxide) were added to the bath solution.
Morphological identification of recorded cells
During whole-cell patch-clamp recordings, cells were filled with a fluorophore and/or biocytin. In most cases, the cells were first imaged in living slices with an EM CCD LucaR camera (Andor Technology) using Imaging Workbench 6.0 (INDEC Biosystems). Then, the slices were fixed by immersion in 4 % paraformaldehyde in 0.1 M phosphate buffer (PB) for 12-24 h. After overnight PB rinsing, the slices were blocked with 0.5 % BSA in PB (1 h) and then incubated in a solution containing 0.3 % Triton-X100 with either the streptavidin-fluorophore complex (streptavidin-Alexa 488 or 633, 2 h) or diaminobenzidine. Slices incubated with fluorophores were mounted in glycerol and examined with a confocal microscope (Olympus FV 300). Some of the recorded cells were processed to be examined using TEM techniques (see below).
Immunohistochemistry
Animals were anesthetized (50 mg/kg pentobarbital; i.p.) and fixed by intracardiac perfusion with 4 % paraformaldehyde in 0.1 M PB (pH 7.4). The following primary antibodies were used: (1) anti-P2X7 (rabbit polyclonal, 1:200 Millipore) and (2) anti-nestin (mouse monoclonal, 1:10; Developmental Studies Hybridoma Bank, Iowa City, IA). We used HOECHST (Molecular Probes) as a nuclear stain. Tissues were sectioned with a vibrating microtome (60-80 μm) and placed in PB with 0.5 % bovine serum albumin (BSA) for 30 min and then incubated with the primary antibodies diluted in PB with 0.3 % Triton X-100 (Sigma-Aldrich). Incubation times and antibody concentrations were optimized for each case. After washing in PB, the tissues were incubated in secondary antibodies conjugated with different fluorophores or horseradish peroxidase revealed with 3,3′-diaminobenzidine (DAB, Sigma-Aldrich). The P2X7 antibody specificity was tested by pre-absorption with a control antigen provided by the manufacturer (Millipore, 1 μg of peptide with 1 μg of primary antibody for 1 h at room temperature) followed by the usual i mmunohistochemical procedures. When performing co-labelling experiments, Alexa 488 and 633 (Invitrogen) conjugated secondary antibodies were used to avoid cross-talk. The histological material was visualized with confocal microscopy (Olympus VF300), and images were acquired with Fluoview 5 (Olympus) and then exported to Photoshop for image adjustment. 
TEM
The spinal cords were fixed by transcardiac perfusion with an aldehyde mixture consisting of 4 % paraformaldehyde and 2 % glutaraldehyde dissolved in 0.1 M PB. The spinal cords were cut in 1-mm-thick portions, washed several times in the same buffer and post-fixed with OsO 4 (1 % in PB). Dehydration was carried out in graded alcohol series, and the pieces were finally embedded in epoxy resin. Ultrathin sections were mounted on Formvar-coated slot grids (2 × 1 mm) and contrasted with uranyl acetate and lead citrate. In two instances, vibrating microtome sections containing cells that were electrophysiologically recorded and biocytin filled were fixed by immersion in buffered 4 % paraformaldehyde and subsequently treated with DAB and nickel sulphate to reveal the injected cells. The sections were post-fixed with OsO 4 (1 % in PB), dehydrated, embedded and treated as usual for TEM examination.
Results
Progenitors in the CC have functional purinergic receptors
Immunohistochemical, electron microscopy and electrophysiological studies have reported the presence of ionotropic purinergic P2X2 receptors in CC-contacting neurons of the rat spinal cord [5, 17] . However, it is not known whether ATP is capable of generating responses in different types of progenitor cells around the CC. To test purinergic signalling in RG contacting the CC poles, we made patch-clamp recordings combined with focal applications of ATP. Identification of these cells was confirmed by including a fluorophore in the recording pipette (Fig. 1a ). In line with our previous observations [2] , cells in the ventral and dorsal CC poles displayed hyperpolarized resting membrane potentials (MP, −87 ± 0.2 mV, n = 20 cells) and relatively low input resistances (248.8 ± 42.8 MΩ, n = 27 cells). In contrast to what was previously reported on CC-contacting neurons [5] , we did not find sizeable membrane currents in RG cells when we applied short pulses (50-500 ms) of ATP (1 mM, n = 8 cells, Fig. 1b(1) ). Small inward currents appeared when ATP was puffed for 1 s (4 of 7 cells, 13.3 ± 2.62 pA, n = 3, MP = −80 mV, Fig. 1b(1) ). The low sensitivity of CC-contacting RG to ATP suggested the presence of P2X7 receptors. Because homodimeric BzATP is 10-30 times more potent than ATP to activate P2X7 receptors [18] , we focally applied BzATP to RG. BzATP (1 mM) generated inward currents in most RG (31 of 44 cells, Fig. 1 b(2) ). Inward currents were larger than those induced by equimolar concentrations of ATP (80.7 ± 25.61 pA, n = 8, MP = −80 mV, p 0.05, Fig. 1b(2) ). The delay between current initiation and current peak amplitude was in average 2.35 ± 0.48 s (n = 8 cells). The BzATP-induced currents reversed near 0 mV (−1.54 ± 5.35 mV, n = 6 cells, Fig. 1c(1) ) and had a linear current-voltage (I/V) relationship (Fig. 1c(2) ). This value corresponds to the reversal potential of non-selective cationic currents. BzATP-induced currents were reduced by bath application of the P2X7 receptor antagonist BBG (10 μM, n = 3 cells, Fig. 1d ).
The cells in the lateral aspects of the CC also responded to BzATP (10 of 13 cells, Fig. 2) . As in RG, we found that ependymocytes responded with larger currents when we applied BzATP rather than ATP (Fig. 2b) . The current generated by BzATP in the cells lining the lateral aspects of the ependyma had a slow time course and reversed close to 0 mV (−2.56 ± 7.26, n = 5 cells, Fig. 2c) . The time between current initiation and current peak amplitude was 1.67 ± 2.2 s (n = 6 cells), similar to that of RG in the CC poles (p > 0.05).
Immunohistochemical detection of P2X7 receptors
Our electrophysiological data suggested that CC-contacting progenitor cells display functional P2X7 receptors. We performed immunohistochemistry to examine the localization of P2X7 within the ependymal region of the neonatal rat spinal cord. We observed P2X7 expression in most cells surrounding the CC (Fig. 3a) . To test whether RG in midline domains expressed this receptor, we combined immunohistochemistry for P2X7, HOECHST to label nuclei and nestin to label some RG in the dorsal and ventral poles of the rat CC [2, 4, 19] . We found that some nestin+ fibres in the dorsal pole express the (Fig. 3b(1-2) ). As shown previously [2] , nuclear staining revealed that nestin+ processes originated from cell bodies located at different distances from the CC (Fig. 3c(1) ). Some nestin+ processes belonging to the CCcontacting cells lying in the raphe were strongly immunoreactive for P2X7 (Fig. 3c(2-4) , ellipses). Notice that in the same region, there were processes immunoreactive for P2X7 that did not express nestin (Fig. 3c(2 and 4) , arrows). Figure 3d shows abundant P2X7 punctate staining (arrows) on the cells lining the lateral aspects of the CC. No P2X7 staining was observed when negative controls were performed by preabsorption with a control antigen (Fig. 3e) . These data indicated that P2X7 receptors occur in CC-contacting cells both in the midline and lateral domains of the ependyma.
Activation of P2X7 induces Ca
2+ waves in CC-contacting progenitor cells P2X7 receptors are highly permeable to Ca 2+ [11] , so their activation may generate intracellular Ca 2+ signalling in RG contacting the CC poles. To test this possibility, we loaded cells with the Ca 2+ indicator Fluo-4 during whole-cell recordings and puff applied BzATP. We found that BzATP induced Ca 2+ waves in RG progenitors contacting the poles of the CC (24 of 36 cells, Fig. 4 ). Time-lapse imaging showed that Ca 2+ waves travelled along the entire cell, starting at the site where the agonist was applied (Fig. 4a, b) . When BzATP was applied on the endfoot of RG, the Ca 2+ wave spread from the CC towards the distal process ( Fig. 4a(1-6) ) whereas application of BzATP on the cell body of the same cell generated a wave that spread both towards the CC and the pia, as shown in the time-lapse images ( Fig. 4b(1-6) ) and in the ΔF/F 0 in different ROI (Fig. 4c, d ). An inward current with a faster time course preceded the Ca 2+ wave onset (1.36 ± 0.45 s, n = 6) (Fig. 4c, d ). Ca 2+ waves propagated at a mean speed of 27.64 ± 5.06 μm/s (n = 4 waves).
To determine if the Ca 2+ wave generated by P2X7 receptor activation needs a triggering influx of Ca 2+ , we lowered Ca 2+ in the extracellular medium. Under this condition, Ca 2+ waves induced by BzATP were reduced (n = 4 cells, Fig. 5a, b) , showing that extracellular Ca 2+ influx is required for Ca 2+ wave initiation. This data suggests that Ca 2+ wave propagation may result from the activation of ryanodine receptors in the endoplasmic reticulum and mobilization of Ca 2+ from internal stores. In line with this interpretation, dantrolene (40 μM, n = 3 cells)-an inhibitor of ryanodine receptors-slightly reduced the Ca 2+ increase at the site of BzATP application but completely blocked the propagation of the Ca 2+ wave (Fig. 5c, d ). Ca 2+ waves induced in RG by activation of metabotropic purinergic receptor P2Y1 have been also reported in the developing cerebral cortex [8] . We tested whether activation of P2Y1 receptors may contribute to the Ca 2+ wave in CC-contacting RG by applying 2MesADP, a potent purinergic agonist for P2Y1. In contrast to BzATP (Fig. 6a(4) ), no inward currents were observed following 2MesADP application (n = 13 cells, Fig. 6b(4) ) and concomitant Ca 2+ responses were not observed in most RG tested (12 of 13 cells, Fig. 6b(1-4) ), except for a cell that A marked increase in Fluo-4 fluorescence and an inward current were also observed when we applied BzATP to ependymal cells in the lateral domains (5 of 7 cells; Fig. 7a, b) . The Ca 2+ waves propagated along the basal process of those cells after BzATP puff application at the soma (Fig. 7c(1-2) ). Collectively, these data suggest the presence of functional P2X7 receptors in most cells lining the CC of the rat spinal cord.
Medial RG have an extended system of endoplasmic sacs and vesicles
Our data suggests that for a Ca 2+ wave to propagate there should be an intracellular system to store Ca 2+ distributed over the whole extension of CC-contacting cells. To identify potential intracellular Ca 2+ stores, we studied the fine structure of progenitor cells lining the dorsal and ventral poles of the CC. We used TEM to analyse RG that had been recorded and filled with biocytin (Fig. 8a) . Their unambiguous light and TEM (1-3) . This agonist of metabotropic purinergic receptors did not generate a membrane current (4, black trace) nor increased Fluo-4 fluorescence (4, colour traces) in the ROIs analysed (white circles, #1 and 2 in b1) Fig. 7 Ca 2+ signalling on the lateral domains of the CC. a Time-lapse imaging of an ependymocyte filled with Fluo-4 in the lateral domain of the CC (inset in 1) before (1), during (2) and after (3, 4) application of BzATP (1 mM). b ΔF/F 0 in the ROI (circle in a1) and the simultaneous inward current (black trace) generated by BzATP. c Lateral ependymocyte with a thin distal process in which BzATP was applied on the soma (1). ΔF/F 0 in ROIs selected on the distal process (white open circles in 1) shows that the Ca 2+ wave propagated from the soma to the distal process. a Pseudocolor images in a living slice. c1 Confocal Z-stack projection identification was possible because after adequate processing with the DAB-Ni complex, they exhibited a conspicuous electron-dense labelling (Fig. 8b) . The cell shown in Fig. 8a was ultrathin sectioned perpendicularly to its main radial axis. The sections corresponding to different levels (dotted lines 1 to 4 in Fig. 8a) were examined with TEM. At all levels, we found the occurrence of enlarged sacs and irregular cavities, free of the electron-dense precipitate (Fig. 8b(1-4) , asterisks in 1, 2 and 4 and arrowheads in 3). TEM images from spinal cords that were fixed and treated with procedures allowing a better cytological preservation also showed the same kind of endoplasmic sacs (Fig. 8c-e) . Interestingly, large endoplasmic sacs were observed close to the primary cilium (Fig. 8c) whereas nearby the nucleus many small vesicles predominated (Fig. 8b(3) ).
Discussion
Here, we show for the first time that the progenitor-like cells lining the CC of the rat spinal cord have functional P2X7 receptors. In these cells, P2X7 receptors are activated by high concentrations of ATP, generating inward currents and Ca
2+
waves that propagated over the entire length of the cell. The intracellular Ca 2+ signalling triggered by P2X7 receptor activation could be a key mechanism regulating the biology of the CC-contacting progenitors, with implications for the endogenous response to spinal cord injury.
Purinergic signalling in the CC: P2X7 receptors rule in CC-contacting progenitors
The CC-contacting progenitor-like cells in midline and lateral domains responded rather reluctantly to ATP as they needed prolonged applications (>1 s) of a high concentration (1 mM). This is in sharp contrast to CC-contacting neurons which are strongly excited by ATP via P2X2 receptors [5] . BzATP was more potent than ATP in CC-contacting progenitors, a pharmacological hallmark of P2X7 receptors [20] [21] [22] [23] . In line with this interpretation, the P2X7 receptor antagonist BBG [21, 24] reduced BzATP-mediated currents. However, BBG at the concentrations used in our study can also partly antagonize P2X2 and P2X4 receptors [22, 25] . A major involvement of P2X2 receptors is unlikely as they are highly sensitive to ATP and 4 in a) . Note the presence of enlarged sacs and irregular cavities delimited by endoplasmic membranes at different RG levels (asterisks in 1, 2 and 4 and arrowheads in 3). c-e TEM images obtained from better-preserved tissue that was not exposed to detergents also showed the presence of similar membrane compartments at both the CC level (asterisks in c) and in the processes travelling along the dorsal raphe (asterisks, d and e). The inset in c shows the insertion site of a single cilium in the apical pole of the cell. a Epifluorescence image in a living slice (inset) and corresponding light microscope image of the same cell in fixed and processed tissue (main panel)
P2X2-mediated currents show a strong inward rectification [5, 18] whereas the BzATP-induced current had a linear I/V relationship with a reversal at 0 mV. P2X4 receptors are also unlikely to mediate the responses observed in CC-contacting RG because ATP is tenfold more potent to activate P2X4 over P2X7 receptors [25] and P2X4 currents show a slow inactivation [18] . Finally, P2X7 immunoreactivity was found in all aspects of the ependyma and the processes of CC-contacting RG. This is in line with previous studies showing the expression of P2X7 mRNA in ependymal cells of the adult rat [26] . Functional P2X7 receptors seem to be a general trait of ependymal cells as they are found in the microvilli of cells lining the lateral ventricles [27] . Collectively, our results suggest that purinergic signalling in CC-contacting RG and ependymocytes is dominated by P2X7 receptors.
Ca
2+ waves in CC-contacting progenitors
Activation of P2X7 receptors in the RG contacting the poles of the CC generated Ca 2+ waves that propagated bi-directionally from the stimulated site at a speed similar to that of Ca 2+ waves in other glial cells (e.g., astrocytes, [28] ). Ca 2+ waves play an important role during cortical development by synchronizing the cell cycle of a cohort of RG [8] . Spontaneous Ca 2+ waves in cortical progenitors are generated by activation of P2Y1 receptors leading to IP3-mediated Ca 2+ release from internal stores [8] . Our data suggests that the generating mechanism of Ca 2+ waves in progenitor-like cells in the CC of neonatal animals is different, as it relies on Ca 2+ entry via P2X7 receptors as a trigger. Dantrolene prevented the spread of the Ca 2+ signal, indicating that the initial rise in cytosolic Ca 2+ activates ryanodine receptors evoking Ca 2+ release from internal stores. As in other cell types [29, 30] , the Ca 2+ -induced Ca 2+ release would provide a regenerative mechanism for propagation analogous to Btoppling dominos^ [31] . Indeed, our TEM data demonstrated an extensive cytoplasmic system of cisternae spanning from the very tip of the endfoot to the distal process of CC-contacting cells, providing a framework for the propagation of Ca 2+ signals. The fact that in a minority of CCcontacting progenitors the P2Y1 agonist 2MesADP could induce a Ca 2+ wave suggests that the IP3 pathway may be involved in a small subset of RG, adding to the functional heterogeneity of CC-contacting progenitors reported before [2] . Because the ependymal cells in the lateral domains are coupled via Cx43 [2] , it is possible that Ca 2+ signals spread to neighbouring cells as their counterparts in the developing cortex [8] . Loading a large group of cells with Fluo-4 AM around the CC will be necessary to explore this possibility.
Purinergic signalling and its possible functional role in the CC stem cell niche Besides the myriad functions executed in health, ATP signalling plays a pivotal role in different pathological conditions [11, 32] . It has been proposed that ATP may act as a diffusible Bdanger signal^to alert about damage and start repair mechanisms [13] . The unique functional properties of the P2X7 receptor (e.g. low affinity [0.1 to 3 mM], high Ca 2+ permeability and increased permeability to sustained agonist application) make it a suitable candidate to act as a detector of tissue damage. Ependymal cells react to spinal cord injury by proliferating and migrating towards the lesion site, where they differentiate mostly in astrocytes [3] . This reaction is fundamental for the formation of the glial scar delimiting the extent of the injury [7] . Because after spinal cord injury ATP levels increase around the lesion epicentre [14] , it is possible that the massive increase of ATP induced by traumatic spinal cord injury may activate P2X7 receptors in CC-contacting progenitors generating Ca 2+ waves. Nestin+ and vimentin+ cells in midline and lateral domains of the CC have long distal processes ideally suited to detect ATP released by injury of the dorsal, lateral or ventral aspects of the spinal cord. The activation of P2X7 receptors in the distal processes lying within injured tissue would generate a Ca 2+ wave propagating towards the CC, generating a local Ca 2+ increase in key cellular compartments such as the nucleus and the apical process of CC-contacting progenitors. Ca 2+ transients may modulate nuclear gene expression, activating or repressing function-specific transcription factors that may affect events such as proliferation, differentiation and migration [33, 34] of ependymal cells. For example, interference of Ca 2+ signalling by blockade or genetic knockdown of purinergic receptors impairs the migration of intermediate neuronal progenitors to the subventricular zone [35] . The apical pole of neural progenitors is a peculiar cellular compartment with structural features such as a primary cilium and a distinctive apical protein complex [36] , which are main determinants of the progenitor cell fate [37, 38] . Indeed, nestin+ CC-contacting cells in the CC poles share some of these basic features, like a single primary cilium [2] . The conspicuous Ca 2+ waves propagated to or generated at the apical pole of CC-contacting RG may generate changes (e.g. resorption of cilia [39] ) in this cellular compartment with major functional consequences. Interestingly, it has been recently demonstrated that signalling via nicotinic acetylcholine receptors modulates cell proliferation of ependymal cells in the spinal cord [40] , highlighting the importance of neurotransmitter regulation of progenitor cell behaviour.
Taken together, our findings suggest P2X7 receptors and downstream cellular events (e.g. Ca 2+ waves) as possible targets to manipulate the response of the ependymal stem cell niche to ATP released by spinal cord injury. In line with this idea, recent work showed increased P2X7 expression in the spinal cord after injury [41] . Whether the tuning of purinergic signalling in the latent CC stem cell niche may modulate the healing induced by ependymal cells [7, 34] will require the combination of in vivo and in vitro animal models to target selectively P2X7 receptors within the niche.
